ABSTRACT: This paper deals with bond behaviour at the steel-concrete interface of partially encased composite columns. The topic is especially interesting to determine the stress transfer between the two materials at sections where composite structural elements are connected, such as in a beam-column joint, and to ensure a short transfer length to attain the strength of the composite section. The few experimental tests in the technical literature usually concern other types of composite columns. The Authors therefore designed and carried out experimental bond tests to investigate the transfer mechanism and ascertain the reliability of some code provisions (Eurocode 4 [5]; New Italian Code [8]) concerning the design value of bond strength for partially encased columns. A suitable test set-up was designed to measure the shear stresses transferred to the steel profile and the slip between the two materials, allowing compression or tension to be applied to concrete according to monotonic or cyclic load history. The test results give interesting information about the bond stress-slip relationship and bond strength; the cyclic tests highlight the effect of seismic action and indicate considerable degradation of strength and stiffness.
INTRODUCTION
Steel concrete composite constructions can offer many benefits in structural performance due to technical solutions that allow problems of both RC and steel structures to be solved. However, the design approach still needs suitable procedures and code provisions (Cosenza and Zandonini [1] ) since the structural behaviour of steel-concrete composite elements is due to the interaction mechanism between the two materials based on suitable mechanical devices or bond at the interface. In particular the bond between steel profile and concrete is usually completely neglected in the design of beams made of a steel profile and a concrete slab, where the stress transfer is entrusted to mechanical devices (connectors). By contrast, in composite columns the contribution of the bond at the steel-concrete interface can be taken into account in the calculation because the contact surface is wider and the concrete is completely or partially encased in the steel profile, that gives a beneficial confinement effect. A large contact surface usually leads to low bond strengths but allows total interaction of the two materials to be obtained. The composite section can then reach its plastic bending moment; this can happen particularly for sections where the centroids of the concrete and steel section coincide.
The bond mechanism in composite columns is complex and depends on many geometrical and mechanical parameters discussed elsewhere (Virdi and Bowling [2] ; Hamdan and Hunaiti [3] ; Hunaiti [4] ). Behaviour depends on the type of composite column (partially or fully encased, concrete-filled), the shape of the section (rectangular, square, circular), the loading procedure (on concrete, on steel, on both materials), the type of load condition (axial load, bending, tension, cyclic loads), the concrete properties (class, age, shrinkage, creep, temperature). Design values of bond strength are suggested by international codes, such as Eurocode 4 [5] and AISC [6] , and Italian codes, such as CNR 10016 [7] , and now also by the new technical instructions for constructions in Italy (NTC, DM 14 [8] ).
Clearly, bond capacity is an essential matter in order to ensure suitable stress transfer in the zones where structural elements are connected. Although composite joints can be achieved with various systems, it would be preferable to choose solutions where both materials are loaded in order to transfer the stresses from one element to another more efficiently and attain full composite action. This result can be reached by ensuring sufficient bond capacity to guarantee short transfer lengths or by using mechanical connectors.
The threshold values of bond strength suggested by codes are based on a few experimental results of monotonic tests on concrete-filled composite columns (Khalil [9] ; Hunaiti [4] ; Kilpatrick and Rangan [10] ; Johansson and Gylltoft [11] ; Mouli and Khelafi [12] ). Some details concerning Khalil's [9] ) tests are discussed in section 4 in order to underline the different bond behaviour of concrete in filled and partially encased composite columns. For applications under seismic action, information on the effect of cyclic loads is required to evaluate the severe degradation of strength and stiffness.
In order to study the bond behaviour of partially encased composite columns, tests were designed and carried out at the Laboratory of the University of Sannio at Benevento, Italy. The specimens are made of HEB (double T wide flange) steel profiles partially encased with concrete, with and without longitudinal and transversal steel rebars. The influence of the interface roughness was tested by spreading the interface with oil in some cases; some tests under cyclic loads were also performed. The test results are presented below; some comparisons with code limits and the results of other researchers on concrete-filled columns are also made.
EXPERIMENTAL PROGRAM
The tested specimens were made of steel profiles HEB 180 (flange thickness t f =14 mm, web thickness t w =8.5 mm, width and height of the section H = B = 180 mm) 630 mm long with a bond length of 450 mm. The profile HEB 180 ( Figure 1a ) was chosen in order to have as the maximum dimensions, significant for composite columns in buildings, compatible with the testing machine frame and allow correct positioning of the loading plates and instruments. Bond length was established as 2.5 times the section width. The experimental program includes specimens with and without steel reinforcement, oil along the interface before casting, monotonic and cyclic loading histories in compression and tension. Application of compressive, tensile and cyclic loads was aimed at investigating the seismic performance of the system also when, under cyclic action, load reversal can occur.
In Table 1 a list of specimens with the following characteristics is reported: the type of load, the presence of steel reinforcement (Figure 1b) and oil along the interfaces, the mean compressive strength of concrete, R cm , evaluated on three cubes (side 150mm) for each casting. The profiles were made of steel type S275 (yielding strength 275 MPa) and the internal rebars were type Fe430 (yielding strength 430MPa); in these tests the mechanical characteristics of steel were not experimentally evaluated since stresses were very low and far from yielding.
Each specimen was designed and constructed with the concrete part staggered from the steel one longitudinally by 50 mm at both ends (Figure 2a ) in order to allow stress transfer between the two materials. Tests were carried out by placing the specimens in an electro-mechanical universal testing machine with a capacity of 300kN and anchoring the profile to a stiff steel plate at the base (Figure 3a) . Using another stiff steel plate the compressive load was applied directly on the concrete; the tensile load was applied by gripping steel re-bars embedded in concrete, even in the presence of internal steel reinforcement (Figures 2b and 3b) . When the load is applied to the specimen (either in compression by the steel plate or in tension by the steel re-bars), the concrete blocks move with respect to the steel profile in which they are embedded; this activates the load transfer mechanism from concrete to steel with development of bond stress at the interfaces. For tests in compression in one case (specimen C5) the load was applied directly on the steel profile by turning the specimen over.
In all cases the stress transfer from the concrete blocks to the steel profile was measured and analysed. Thirteen strain gauges were glued on the steel profile along the interfaces before casting and on the outer surface of the flanges to measure strain distributions (Figures 4 -5 ). Four displacement transducers were applied: two were placed vertically to measure the slip between the concrete and steel; the other two were positioned horizontally on two opposite sides to check the effects of accidental load eccentricity (Figure 3a) . In 
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Compression Tests
The experimental load is plotted against slip curves obtained by monotonic tests in compression in Figures 6a-b; the slip is obtained as the mean value of the measures of the two vertical transducers. The elements marked C1 to C4 are characterized by two different castings of concrete with different compressive strengths (22 MPa for casting 1, 35 MPa for casting 2); element C5 (casting 2) was tested by applying the compressive load directly on the steel profile.
The bond-slip relations of specimens C1 and C2 (casting 1, Figure 6a ) have a three-branch shape; the beginning of the curves shows a stiff behaviour without slip up to a peak bond strength, then there is a steep descending branch and finally a stable, practically horizontal, branch as far as great slips with a residual strength that is about 40% of peak stress. The experimental curves of specimens C3 and C4 (casting 2, Figure 6a ) have a different shape from the previous ones: small slips occur from the beginning, there is no peak of stress, the maximum load is attained in the horizontal branch (mean value = 50 kN) and is greater than the residual strength of specimens C1 and C2 (mean value = 30 kN) of about 24%. For specimen C5, tested (same casting 2) by applying the compressive load on the steel profile, the result is similar with slips from the beginning and the same value of residual strength (50 kN).
The different shapes of the -s curves at the beginning up to the descending branch, on varying the concrete casting, point to the sensitivity of the phenomenon to concrete quality, environmental conditions (humidity and temperature) during hardening (the second casting was done in summer) and shrinkage effect; furthermore in the first mixer a suitable additive to reduce shrinkage was used. The residual strength after peak depends on average upon concrete strength: the greater concrete strength of the second casting causes an enhancement of the residual strength.
In Figure 6b the reference specimen C1 is compared with specimens Co1 and Ca1, belonging to the same casting, with oil at the interface and internal steel reinforcement, respectively. The surface treatment with oil eliminates the initial effect of adhesion, the horizontal branch is reached without a peak and the maximum load is about 25% of that of the specimen without oil. A negative effect of internal steel reinforcement appears with a load reduction both at the peak and horizontal branch, the residual load being about 15% lower than standard specimens. This last result may well be due to a lower concrete quality since it is more difficult to vibrate concrete in the presence of steel rebars to have homogeneity; concrete thickness (20-30 mm) between the steel rebars and the profile surface, that govern the interface bond, could be particularly influenced by inefficient vibration. The detrimental effects of internal reinforcement on bond performance could definitely be reduced in real composite columns characterized by greater dimensions of the concrete section which, due to the thicker cover of the steel rebars, allow better concrete quality particularly along the steel profile interfaces.
In conclusion, the shape of the -s curve is sensitive to the quality of concrete depending on several factors (casting and hardening conditions, shrinkage, internal reinforcement), and the effective bond shear strength can be identified as that corresponding to the horizontal branch after the peak. This value is less than proportional to concrete strength (when compressive strength increases by 50%, bond strength increases by 24%), but depends heavily on surface roughness, since it falls below 50% when steel surfaces are impregnated with oil.
Tensile Tests
The experimental results of bond tests on specimens loaded in tension are presented in Figure 7a ; the bond-slip curves of these specimens are compared with those tested in compression (C1, C2) and belonging to the same casting (casting 1). The experimental relations show that adhesion and friction phenomena at the beginning are much lower than in compression tests and slips are considerable also for low loads. The shape of the curve is similar to that in compression with a peak and a sharp descending branch, after which the almost horizontal line gives about the same residual strength (40% of peak) as that recorded in compression.
The different behaviour in compression and tension at the beginning of the test is related essentially to the development of greater slip when the tensile load is applied. This result is probably due to the beneficial lateral expansion of concrete in the compression test that improves the friction contribution. After the friction effect wears off, bond behaviour becomes similar for both tensile and compressive loading conditions.
In Figure 7b specimen T1 is compared with the other two of the same casting, but treated with oil at the interface and with internal steel reinforcement. Reduction in surface roughness due to oil has the same effect observed in the compression test: the peak disappears and the residual strength reduces to 25% of the reference specimen without oil. Analogously the internal reinforcement, as in the compression test, reduces bond efficiency, eliminating the peak and decreasing the residual strength to 70% of the reference specimens (T1). Effects of oil and internal reinforcement are related to the same phenomena already described for the compression tests.
Finally, the bond tests carried out by applying tensile loads to the concrete blocks confirm the results obtained in compression tests, highlighting appreciable effects of friction at the steel-concrete interfaces that are drastically reduced by oil or concrete quality. 
Cyclic Tests
As regards the three cyclic tests, aimed to analyse the structural response under seismic actions, the first (CYC1, casting 2) was carried out by first applying a monotonic compression load history, five cycles were then done between +20 kN and -20 kN, a monotonic compression load was applied up to a slip of 17 mm and finally the load was reversed to achieve a zero slip (Figure 8a ).
Interestingly, during the five cycles at a load equal to about 40% of the monotonic strength (specimens C3 and C4 belonging to the same casting) when the load becomes zero, the slip is not recovered and higher slip values are required to regain the same load. An evident phenomenon of pinching occurs and the load is regained only when slip becomes as higher as concrete is able to contrast again the steel profile along the interfaces where friction is not yet overcame. Pinching is typical of bond mechanisms under cyclic loads that is well-known for the bond-slip behaviour of steel bars in reinforced concrete elements or more in general in all phenomena where strength is based on a shear stress transfer between separate components (i.e. at the interfaces of shear cracks in concrete elements). Comparison of the cyclic curves with the monotonic one of a similar specimen belonging to the same casting (C3) shows that residual strength after 5 cycles is about half the monotonic. In the last branch in tension the cyclic curve shows a higher strength reduction than the monotonic, that still refers to a specimen T1 (casting 1) with a concrete strength (22 MPa) lower than that (35 MPa) used for the cyclic tests (casting 2).
In Figure 8b the experimental load vs. slip curve is depicted for a cyclic test on specimen CYCa1 (casting 2) with internal steel reinforcement and loaded first in tension. In this case five cycles were imposed between +30 kN and -30 kN. The same pinching effect is evidenced and the residual strength reduces by about 18% against the same specimen (Ta1) loaded monotonically, but belonging to casting 1 with a lower strength (22 MPa).
Finally, Figure 8c shows the result of a cyclic test on specimen CYCo1 treated with oil at the interface. This test was started by loading the specimen first in tension, and then five cycles between +5 kN and -5 kN were applied; the test was completed by applying monotonically the load until a residual constant strength was attained. Comparison of the cyclic with the monotonic curve (specimen To1, made of lower strength concrete 22 MPa) shows there is no reduction in strength due to cyclic loads since the influence of friction, that strongly degrades under cyclic loads, is already reduced by oil.
COMPARISON OF EXPERIMENTAL RESULTS AND CODE PROVISIONS
Code Provisions
The capacity of composite elements to avoid slip between concrete and steel is related to suitable bond stresses at the interface or to mechanical connections If these limits are exceeded, the entire load has to be transferred by connectors. The same limits are also recommended by Eurocode 4 [5] , and similar values were provided in the previous edition of Eurocode 4 and in the Italian guidelines devoted to composite elements (CNR 10016 [7] ); in these instructions it was clearly stated that in the joints between elements the transfer length must be no greater than twice the smallest dimension of the cross section. The American code (AISC [6] ) gives similar values for concrete-filled columns (0.40 MPa), supplies suggestions about the transfer length at joints, and recommends to neglect bonds for partially encased columns.
The Italian code (NTC [8] ) states that for structures under seismic action the transfer of shear stresses by bond mechanism can be not sufficient so that mechanical connectors have to be introduced to guarantee the composite action. In the European code for seismic constructions (Eurocode 8 [13] ) the transfer of stresses is not dealt with, but constructive details and geometrical limits have to be applied in the design to assume active collaboration between materials and to develop the required ductility. In columns partially encased with double T profiles, the concrete between flanges can be connected to the web with steel stirrups or rebars in order to form a clear transfer mechanism between the concrete and the steel web.
Experimental Shear Stresses
In the hypothesis that bond interaction is effective along the entire interface, the mean values of experimental shear stresses are evaluated by dividing the applied load (tensile or compressive) by the entire interface area of the steel profile ( = N/A p with A p = 29.9 10 4 mm 2 ). In Figure 9 the shear stresses are plotted versus slips for all the monotonic tests. Clearly, bond strength (the value indicated by the horizontal branch) is always lower than the limit of 0.2 MPa laid down by EC4 for flanges but higher than zero suggested for the web.
In order to compare the experimental results with the code limits, it seems more appropriate to take into account only the flange interfaces since most codes neglect the web contribution; hence shear stress is re-calculated by dividing the applied load by the interface area of flanges ( = N/A fl with A fl = 16.2 10 4 mm 2 ). The bonded area of the flanges alone is about half the entire bonded area, such that the bond stresses are about double those previously evaluated, as shown in Figure 9 . In Figure  10 the new mean shear stresses are plotted versus slips. All compressive tests, except the specimen treated with oil, show a residual strength greater than 0.2 MPa; for tensile tests the specimens with oil and internal reinforcement give values below this limit.
The strain gauges glued on each specimen allowed local shear stresses to be calculated. If the measured strains are multiplied by the elastic modulus of steel the stresses in the profile can be determined neglecting the transversal stresses induced by the transversal deformation of the embedded concrete blocks; this assumption was confirmed by the negligible values of transversal strains in the steel profiles measured by two transducers positioned orthogonally to the specimen axis (Figure 3 a) . The difference between stresses in steel at two consecutive points gives the load transferred in this length which, divided by the interface area, gives the shear stress. Shear stresses can be calculated on the flanges or on the web where the strain gauges are glued; the following formula is used to determine shear stress along the flanges:
t f being the thickness and B the width of the flange, t w the thickness of the web, and x i the distance between two consecutive strain gauges.
In Figure 11a showing an example (specimen C1) of shear stress distribution, the flanges demonstrate a greater transfer between points placed at 100 mm and 200 mm from the loaded end (the end of the steel profile). Furthermore, normal stresses increase going away from the loaded end (x = 0 mm). In Figure 11b the comparison between local bond stresses ( 1 and  2 , respectively, at position 100 mm and 200 mm from the loaded end) and mean bond stress ( = N/A p , with A p of flanges) shows good agreement.
Evaluation of local stresses in steel is useful to accurately determine the distribution of load between the profile components and to define the length necessary to transfer the entire load. The steel stresses in the web and the flanges at 300 mm from the loaded end are multiplied by the respective area to calculate the force sustained by each sub-component. In Figure 12 the sum of both contributions is compared with the entire applied load: good agreement is shown until the maximum load is reached. This proves that the flanges play the main role supporting almost the entire force, even if the bonded area of web and flange is about the same. This last observation seems to re-confirm the recommendation of Italian and European codes to neglect the bond strength of the web. It is also worth noting that the load transfer is exhausted in the length between the measuring points (200 mm and 300 mm), since it proved complete at 300 mm from the loaded end. After the peak the contributions of the sub-components decline, while the applied load remains quite constant. This means that the bond strength was exceeded in the first part of the bonded length and the transfer of shear stresses moved to the remaining undamaged interface (not instrumented) that is still sufficient to sustain a slightly lower than maximum load.
In Figures 13a and 13b the stress-slip curves of Khalil [9] related to concrete-filled square hollow sections (side h a = 150 mm and thickness t = 5 mm) are plotted; the compressive strength of concrete was about 50 MPa. The specimens were realized with and without oil and are characterized by three different bond lengths (250, 450, and 600 mm). The results of specimens without oil show that both peak and residual strengths exceed the Italian code threshold (NTC [8] ) for concrete-filled rectangular sections (0.40 MPa) only for a bond length of 250 mm; for greater bond lengths the mean experimental value is 0.30 MPa. In the presence of oiled surfaces, the strength declines considerably (about 50%) for all the bonded lengths tested.
In Figures 14a and 14b the experimental results presented herein for partially encased elements are compared with those of Khalil [9] , already introduced, and the others of Mouli and Khelafi [12] realized on concrete-filled rectangular sections (mean strength of 45 MPa) with a bond length of 450 mm. For these tests both the results without ( Figure 14a ) and with oil ( Figure 14b ) are analysed. It can be observed that the code limits are not safe for concrete-filled columns and safe, albeit with a low margin, for the partially encased ones. For specimens treated with oil, residual strength is strongly reduced in both types of columns once again indicating the importance of roughness upon the bond stress transfer mechanism. 
CONCLUSIONS
The bond tests carried out to study bond behaviour at the steel-concrete interface in partially encased composite columns provided much information that was hitherto lacking in the technical literature. The first part of the bond-slip relationship is strongly influenced by adhesion and friction, that can result in a very stiff initial branch up to a peak followed by a sharp descending branch and a last horizontal branch with a constant residual bond stress. In other cases, depending on the casting condition of concrete, the behaviour at the beginning is less stiff and the horizontal branch occurs without a peak being reached before. Evidently, bond strength is defined by the horizontal line that allows large slip values to develop.
Application of compressive or tensile loads does not change the residual value of bond strength, that is also invariable if the load is applied on concrete or steel, even though this aspect was analyzed in only one test. The compressive strength of concrete influences the bond strength according to a lower than proportional dependence. Hence concrete strength does not appear a relevant parameter, as already assumed in the codes that set a limit value of bond strength depending only on column type. The specimens with oil at the interfaces showed a reduction in bond strength to less than 50% that of the reference ones, confirming the importance of friction related to the roughness of the contact surfaces.
A reduction in bond strength of about 10-20% is also due to the presence of internal steel reinforcement made of longitudinal steel rebars and stirrups, that influence the quality of concrete due to practical difficulties in vibrating the concrete homogeneously in the reduced thickness between the rebars and the surface of the steel profile. Application of tensile load highlights a negligible effect on bond strength and a lower friction effect in the ascending branch due to the absence of transversal dilatation of concrete when tension is applied.
Analysis of the local measures on the web and flanges confirms the higher collaboration of flanges, as suggested by the Italian and European codes. Measurements of the transferred stresses also suggest the transfer length is between 200-300 mm, i.e. 3 times the width of the steel flanges.
The comparison of the results obtained in this experimental program with those of other authors on concrete-filled columns points out that friction is more important in partially encased columns, since the reduction in roughness by treating surfaces with oil causes a larger decrease in bond strength with respect to concrete-filled elements. Finally, the few tests executed according to cyclic load histories show a strong degradation of stiffness and strength in the bond-slip relationship due to the reduction of the fundamental effect of friction.
As regards design provisions, the experimental values of bond strength are always higher than the limit established by Italian and European codes, if the web contribution is neglected and the stress transfer is attributed only to the flanges, as codes suggest. However, since the experimental results show that the limits of the codes do not guarantee a safety factor, the approach of AISC which neglects bond strength in partially encased columns seems sound. Overall, the recommended limits in European and Italian codes need to be reviewed with a view to a reduction, and details about surface conditions may well have to be introduced. Furthermore, in seismic areas the bond contribution has surely to be neglected and suitable connectors have to be applied to guarantee strength and stiffness under cyclic action.
